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Dendritic organization of actin comet tails
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Polymerization of actin filaments is necessary for Results and discussion
The high density of actin filaments in comet tails formedboth protrusion of the leading edge of crawling
cells and propulsion of certain intracellular by pathogenic bacteria such as Listeria monocytogenes or
Shigella flexneri has hindered their structural analysis. Con-pathogens [1], and it is sufficient for generating
force for bacterial motility in vitro [2]. Motile sequently, we examined tails formed by latex beads
coated with the L. monocytogenes surface protein, ActA [11],intracellular pathogens are associated with actin-
rich comet tails containing many of the same where we could control density of the tails by varying
bead size and ActA concentration. Like L. monocytogenesmolecular components present in lamellipodia [3],
and this suggests that these two systems use a in infected host cells, ActA-coated beads in Xenopus egg
cytoplasmic extracts initially form a symmetric cloud ofsimilar mechanism for motility. However, available
structural evidence suggests that the organization actin filaments, which subsequently breaks symmetry to
form the comet tail [11, 12]. The frequency of symmetryof comet tails differs from that of lamellipodia.
Actin filaments in lamellipodia form branched arrays breaking for beads 0.5 mm in diameter increased dramati-
cally when the crude extract was diluted to 40% of its[4], which are thought to arise by dendritic
nucleation mediated by the Arp2/3 complex [5, 6]. initial concentration, while the average speed decreased
only moderately (Figure 1).In contrast, comet tails have been variously
described as consisting of short, randomly oriented
filaments [7], with a higher degree of alignment at Photoactivation experiments have shown that fiducial
the periphery [8], or as containing long, straight axial marks placed on the actin polymer of comet tails inside
filaments with a small number of oblique filaments infected cells remain stationary with respect to the host
[9]. Because the assembly of pathogen-associated cell while the bacterium advances, and these results sug-
comet tails has been used as a model system for gest that actin polymerization occurs exclusively at the
lamellipodial protrusion, it is important to resolve bacterial surface [13]. To obtain direct evidence for the
this apparent discrepancy. Here, using a platinum site of actin polymerization in tails associated with ActA-
replica approach, we show that actin filament arrays coated beads in cytoplasmic extracts, we used the recently
in comet tails in fact have a dendritic organization
with the Arp2/3 complex localizing to Y-junctions as
in lamellipodia [10]. Thus, comet tails and
Figure 1
lamellipodia appear to share a common dendritic
nucleation mechanism for protrusive motility.
However, comet tails differ from lamellipodia in that
their actin filaments are usually twisted and appear
to be under significant torsional stress.
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Figure 2 extracts. Beads with a 0.2 mm diameter formed tails and
moved over a broad range of conditions, though more
slowly than did 0.5 mm beads (Figure 1). Decreasing the
density of ActA surface coating from the optimal 37.5%
[11] down to 3% had little effect on average speed (Figure
1). However, structurally these tails and clouds were
sparser and allowed for better visualization of actin fila-
ment organization (Figure 3e). The number of filaments
contacting the bead surface as well as the filament density
along the tail varied widely, and this finding is consistent
with the theoretical predictions of fluctuation behavior
previously reported for bead-tail association [12]. At sub-
optimal ActA concentrations, often fewer than 10 fila-
ments from the tail contacted the surface of 0.2 mm beads
(Figure 3e), but this seemed sufficient for motility.
For the smallest beads tested, which were 0.05 mm in
diameter, we could not observe persistent motility andFluorescence speckle microscopy of comet tails. We incubated 0.5
mm beads with 37% of their surface area coated with ActA in full- therefore could not measure average speed. In EM prepa-
strength Xenopus egg extract in the presence of trace amounts of rations, these beads were never seen with more than one
rhodamine-actin to obtain a speckled pattern of tail labeling. The filament attached (Figure 3f). Many beads were devoid oftime sequence shows movement of a bead in the rhodamine channel.
filaments, and many branched filament assemblies lackedThe formation of new speckles only at the front of the tail indicates
that actin filament assembly is restricted to the bead-tail interface. beads (not shown), both of which suggest that filaments
Speckles remain stationary while the bead is moving. Colored arrows were nucleated at the bead surface but were subsequently
point to individual actin speckles, with the same color referring to the detached. This is consistent with the hypothesis that thesame speckle at different time points. Time is indicated in the upper-
filament-bead interaction is not permanent but undergoesright corner in seconds. The scale bar represents 1 mm.
cycles of association and dissociation. A bead with only
one filament could easily lose it and therefore not move
regularly, whereas the many crosslinked filaments of
introduced speckle microscopy technique [14, 15]. When larger beads ensure a more stable association and persis-
comet tails were assembled on 0.5 mm ActA-coated beads tent movement.
in the presence of trace amounts of rhodamine-actin, new
actin speckles appeared only at the tail-bead interface as the
bead advanced and, once formed, the speckles remained Y-junctions between actin filaments in sparse tails were
clearly seen near the bead surface and throughout thestationary with respect to the substratum (Figure 2). The
speckle pattern within the tail did not change significantly tail, and long, axial, nonbranching filaments were not ob-
served in such tails. Y-junctions had the same characteris-with time except for stochastic disappearance of individ-
ual speckles during depolymerization. Although the inten- tic angle of approximately 708 (Figures 3 and 4a,b) as in
lamellipodia [4, 10] or in Arp2/3-actin assemblies in vitrosity of spots showed fluctuations, no new speckles appeared
away from the bead. Thus, actin filaments assemble pri- [5, 6]. Filament branches near the bead were frequently
of similar length (Figure 4a), and this finding suggestsmarily, if not exclusively, at the bead-tail interface.
that branch formation occurred near the barbed end as in
the observations of Pantaloni et al. [16]. In our system,Electron microscopy (EM) of comet tails under these
conditions (Figure 3a), as well as EM of bacterial tails however, branching at the barbed end may be explained
simply by restriction of activation of the Arp2/3 complex(see Supplementary material), revealed dense arrays of
actin filaments. Dilution of the extract to 40% did not by ActA, which is localized at the bead surface. This is
consistent with biochemical evidence showing that ActAsignificantly change the overall structure of tails. The
superposition of filaments precluded clear visualization stimulates Arp2/3 nucleation of actin polymerization [17,
18]. However, Y-junctions were also often highly asym-of their organization in the tail core. However, Y-junctions
between actin filaments were consistently observed in metric, with branches differing in length (Figure 4e), and
this observation suggests that capping activity terminatedsparser regions, including on the surface of the bead away
from where the tail emerged (Figure 3b) and at the sides the elongation of barbed ends. Some filaments appeared
kinked at approximately 1108 (supplementary angle to(Figure 3c) and rear (Figure 3d) of the tails.
708) (Figure 4e,i), which suggests that capping of a paren-
tal filament could occur shortly after nucleation of a daugh-To gain insight into the structure of the tail core, we used
smaller beads, lower ActA densities, and more-diluted ter filament. Actin clouds, which were always present in
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Figure 3 preparations, had the same basic structure as tails except
for the distribution of the actin array around the bead.
Localization of the Arp2/3 complex was performed by
immunogold EM with a polyclonal antibody raised against
the p21-Arc component of the Arp2/3 complex [19]. In
agreement with light microscopic data [19], the Arp2/3
complex was found throughout the tails (not shown). Us-
ing sparse actin filament arrays, we detected the Arp2/3
complex at individual Y-junctions (Figure 4c,d), as it was
previously found for Y-junctions in lamellipodia [10].
These results are consistent with the concept that Y-junc-
tions in comet tails are formed in the course of dendritic
nucleation mediated by the Arp2/3 complex.
To distinguish such Y-junctions from other kinds of junc-
tions formed by crosslinks after nucleation, we analyzed
filament polarity by decorating actin filaments with myo-
sin subfragment 1 (S1) and showed that Y-junctions had
pointed ends at the junction and barbed ends facing away
from the junction (Figure 4h–j). This finding is consistent
with the prediction of the dendritic nucleation model.
Although these pointed-end-to-side Y-junctions were the
most abundant crosslinks between actin filaments in tails
and clouds, barbed-end-to-side (Figure 4j) and side-to-side
junctions (not shown) were also observed. Even in the
absence of a polarity marker, the existence of these cross-
links could be deduced from the formation of closed loops
of actin filaments (Figure 4f,g). Such junctions indicate
the presence in the comet tail of crosslinking molecules
other than the Arp2/3 complex, such as a-actinin [20].
A striking feature of clouds and tails associated with ActA-
coated beads was the twisted appearance of the actin
filaments. The persistence length for a filament of pure
actin is approximately 10 mm [21], and they break at a
radius of curvature of less than 180 nm [22]. However,
many filaments in tails appeared curved or twisted over
distances less than 1 mm, with some showing curvature
of less than 50 nm (e.g., Figure 4f,g). Although we cannot
exclude that some twisting may have resulted from sample
preparation, we note that free filaments or filaments hav-
ing just one point of interaction with another filament
were usually straight, whereas twisted filaments were usu-
ally restrained by at least two crosslinks (Figure 4f,g).
These observations suggest that twisting is a consequence
of a force applied to crosslinked filaments. One possible
origin of the force that causes twisting may be the binding
energy of ADF/cofilin, which is known to change the
intrinsic twist of actin filaments [23] and may also changeComet tails assembled by ActA-coated beads under different
conditions. (a–d) 0.5 mm bead with 37.5% of its surface area coated
with ActA in 40% Xenopus egg extract. (a) An overview shows the
very dense array of twisted actin filaments in the tail. (b-d)
37.5% of its surface area coated with ActA in 40% extract is associatedEnlargements of the boxed regions show Y-junctions (arrows) in
with a single branching filament. The scale bars represent (a) 1 mm anddifferent parts of the tail. (e) A 0.2 mm bead with 12.5% of its
(e,f) 0.2 mm.surface area coated with ActA in 30% extract forms a sparse tail;
Y-junctions are seen everywhere in the tail. (f) A 0.05 mm bead with
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Figure 4
Filament-filament interactions in comet tails.
(a,b) Y-junctions at the bead surface. (c,d)
Immunogold staining (10 nm colloidal gold)
with an antibody to p21-Arc detects Arp2/3
complex at Y-junctions (arrows). (e)
Asymmetric Y-junctions where one of two
sister branches is very short (arrows) result in
a kinked filament appearance. (f) A twisted
filament that has two points of interaction with
another filament; there is one interaction at
the Y-junction, and there is a linkage near the
free end. (g) Numerous closed loops within
the tail suggest other types of filament
crosslinking in addition to Y-junctions. (h–j)
S1 decoration reveals filament polarity in
different types of junctions (arrowheads point
to the direction of the pointed ends). (h) In a
Y-junction at the bead, the barbed end of the
shorter branch is associated with the bead,
and the pointed end interacts with the side
of another filament. (i) Y-junctions lacking one
of the two branches give an impression of
kinked filaments. (j) Barbed-end-to-side
interactions between actin filaments
(asterisks) in a tail. Conditions: 0.2 mm beads
with (a–d, f–h) 12.5%, (i,j) 6%, or (e) 3% of
their surface area coated with ActA were
incubated in (f) 20%, (c,d) 25%, (a,b) 30%,
(e) 40%, or (g–j) 50% extract. The scale bars
represent (a–g) 50 nm and (h–j) 100 nm.
its mechanical properties. Torsional stress operating on a mechanism for protrusive motility [10]. The simple ki-
netic properties of comet tails in combination with theirfilament constrained at both ends would be expected to
cause writhing of the filament and result in deformations defined structure permit a further evaluation of actin poly-
merization–driven motility. The fluorescence speckle mi-such as we observe.
croscopy assay demonstrates that moving comet tails as-
semble actin filaments only at the bead-tail interface,The twisted nature of the filaments may explain the dis-
parity between our observations and previous reports us- and this result is in agreement with conclusions drawn
previously from photoactivation analysis [13]. A conse-ing thin-section EM. In thin sections, a dendritic and
twisted structure would produce images of short, ran- quence of this property is that the spatial organization of
the tail reflects the kinetics of actin assembly and there-domly oriented filaments, as has been reported [7, 8].
The parallel axial filaments reported by Sechi et al. [9] fore permits us to infer the age of a structural element
from its position within the tail, the youngest structuresare definitely distinct from our observations, but these
may be characteristic only of comet tails that have pro- being located next to the bead or bacterium and the older
structures being located progressively farther away alongtruded substantially beyond the cellular surface and are
in contact with the plasma membrane all along their the tail. Conservation of the dendritic structure through-
out the length of the tail, therefore, implies continuouslength. Such protrusions have different protein composi-
tion from that of intracellular tails [9], and the actin fila- nucleation of new filaments at the bead surface. Since
barbed filament ends arise only at the bead-tail interface,ment half life is more than 10-fold longer than the half
life in intracellular tails [24]. the abundance of apparently free barbed ends throughout
the tail suggests both the continuous release of the barbed
ends of filaments from the bead surface and their capping.Our observations of comet tails associated with ActA-
Both characteristics are predicted by the array treadmillingcoated beads demonstrate significant similarity at the su-
model [3] but have not been previously demonstratedpramolecular level with the structure of lamellipodia in
experimentally.three distinct ways: dendritic organization of comet tails,
localization of the Arp2/3 complex to branch points, and
pointed-end-to-side polarity of Y-junctions. These struc- The observation that a small number of actin filaments
interacts with the bead surface at any one time suggeststural features are consistent with the hypothesis that
comet tails, like lamellipodia, use a dendritic nucleation that only a few working filaments are needed to generate
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